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CHAPTER I 
INTRODUCTION 
General 
During the present era of increasing volume of traffic 
and larger wheel loads of trucks and aircraft, the engineer 
is faced with the problem of building highways and airfields 
to take care of stresses of increased magnitude and fre-
quency. The required design usually consists of a subgrade-
base-pavement combination that needs to be pr~pared from 
strong and durable materials. One of the problems here fac-
ing the engineer is that in many areas of the United States 
the supplies of suitable road-building materials are rapidly 
dwindling or have never existed. Therefore, the engineer 
must consider an economical means of improving the poorer 
quality materials which usually is the method of soil sta-
bilization. 
Soil stabilization may be defined as, "The process by 
which the physical properties of soil and soil-aggregate 
mixtures may be improved or altered by either mechanical 
treatment or with the addition of chemicals'' (1). Mechan-
ical stabilization is a process in which soil is combined 
with coarse and fine aggregates to produce a mixture which is 
superior to any of its components in strength and durability 
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characteristics. Chemical stabilization is accomplished 
by the addition of chemicals to modify or improve certain 
physical properties of the soils, such as the load-bea~ing 
capacity or strength of soils under various moisture con-
ditions. 
Chemical stabilization, which is to be studied here, 
has made many worthwhile advancements during the past few 
years in the use of bituminous products, portland cement 
and lime compounds as very effective stabilizers for many 
soils and soil conditions. From a consideration of the 
investigations that have been conducted on the use of the 
above compounds and many other chemicals, no one or two 
chemicals have been found that will remedy or stabilize 
every soil condition that the engineer becomes concerned 
with. Since some chemicals when added to the soil will be 
more destructive than constructive, the engineer must be 
careful to use chemicals that will impart to the soil the 
prop~rties he is interested in obtaining. 
Origin 
One of the troublesome soil types involved in many 
areas is the fine-grained clay which, due to its particle 
size and mineral composition, imparts properties of plas-
ticity, low strength, shrinkage, and swelling to the soil. 
These properties are detrimental if they are associated 
with the soil which is to be used in the construction of 
subgrades and b~ses of the highways required by tod~y's 
traffic. 
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The plastic red clays of the fermian Red Beds that 
exist; in much of Oklahoma, especially in the western and 
central counties, are very widespread and are a constant 
source of trouble to the engineers who try to build upon 
them. The strength .and volume stability of the Permian 
clays are quite susceptible to changes in moisture con~ 
ditions. Due to the cyclic effect of moist and dry seasons 
in Okl?.homa, the wa~er content of tbe clay v,;3.ries cqnsid-
erably causing volume instability which is detrimental to 
anything built with or upon these clays. 
Due to the increasing scarcity of top quality road 
bui.lding materials in Western Oklahoma and because there 
are abundant deposits of gypsum, the gypsum is being con ... 
sidered as a material to be used as a stabilizer for the 
Permian Red clay. Very little literature (2-6) is avail-
able about the use of gypsum as a soil ·stabilizer but what 
is available indicates a pospibility that gypsum might be 
acceptable. 
Some recent research at Oklahoma State University by· 
Matalucci(4), Bowman(5), and M$.ck(6) concerning the stabi-
lization of these Permian Red clays with gypsum indicates 
that gypsum by itself does not have much effect on the 
unconfined strength but does reduce t~e swelling, reduces 
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the li~uid limit, and improves the workability of the Permian 
Red cle,y. 
From these indications and results, research was con-
ducted at Oklahoma State University, sponsored by the Bureau 
of Public Roads and the Oklahoma State Highway Department 
to determine.if a chemical compound in small quanities 
could be added to a mixture of Permian Red clay and gypsum 
that would provide an increase in the unconfined strength 
and furth~r reduction in the swelling characteristics of 
the clay soil. 
Investigation 
. This investigation was concerned with the search for 
chemicals that could be used as additives for the purpose 
of stabilizing mixtures of Permian Red clay and gypsum. 
The chemical additive so,ught was one that would impart to 
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the Permian clay and gypsum mixture, increased shear strength 
and volume stability. 
The investigation was initiated with a study of seven-
teen trace chemicals added to Permian Red clay and gypsum 
mixtures. Based upon the results obtained from unconfined 
compressive strength tes·ts of clay.;..gypsum mixtures using 
these trace chemicals; the three .that showed greatest 
strength increases over those clay-gypsum mixtures without 
trace chemicals were selected for additional study. These 
three were reduced to one, sodium hydroxide (NaOH), with the 
completion of further strength tests. 
The bulk of the investigation was then concerned with 
the strength and swell of Permian Red clay and gypsum mix-
tures using sodium hydroxide as the trace chemical. Tests 
using lime, Ca(OH)2, were also conducted as a reference to 
the effectiveness of sodium hydroxide. Lime was used since 
considerable research has been performed and published, 
concerning its strength and volume change characteristics 
when used with many different soil types. 
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The shear strengths of the test specimens were measured 
by an unconfined compression test. The unconfined compres-
sion test was chosen because a simple and easily performed 
test was considered a very valuable asset, due to the large 
number of specimens that were to be tested. 
The unconfined test specimens were molded by the use 
of the Harvard Miniature Compaction Device because of the 
relatively small amount of material required and the ease 
of handling, storing and testing. 
The swelling potential of the soil specimens was deter-
mined by the use of the Potential Volume Change (PVC) Meter. 
The PVC meter was selected for its ease of operation and for 
its characteristic of measuring one dimensional swell quickly 
and effectively which was deemed desirable. 
CHAPTER II 
SOIL STABILIZATION THEORY 
General 
A problem which continually confronts the engineer is 
the one dealing with procedures and techniques by which 
otherwise unsuitable soils may be improved by stabilization 
for engineering pµrposes. Soil stabilization in its widest 
meaning (Winterkorn 7), encompasses every physical, physico~ 
chemical and chemical method developed and used to make a 
soil perform better its desired engineering purpose. In its 
specific meaning as commonly understood in highway and air-
field engineering, soil stabilization is the naJ?e given to 
those methods of construction in which unsuited soils are 
treated to provide subbase and base courses which can carry 
the applied traffic loads under all normal conditions of 
moisture and tra~fic for an economic service period. 
Methods of stabilizing soils as stated by Murray (8), 
can be divided into two classes--physical and chemical. 
The methods of applying the physical and chemical treatments 
are many and widely varied. Physical or mechanical stabili-
zation is not only the earliest form of designed and con-
trolled stabilization, but the ideas and procedures used in 
obtaining this mechanical stabilizat~on are frequently common 
6 
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to those used in other types of stabilization. Physical 
methods of stabilization do not, however, alter the inherent 
nature of the soil, Chemical methods of stabilization do 
alter ~he inherent properties of soils and it is this ability 
that gives chemical stabilization its great promise. 
For the purpose of this investigation, soil stabili~ 
zation will be defined as the process by which the physical 
properties of soil may be improved or altered by either 
mechanical treatment~ or with the addition of ch~micals 
(Woods 1). The process by which the strength and the dura-
bility characteristics of soil and soil aggregate mixtures 
are increased by the utilization of the proper combination 
of soil with coarse and fine aggregate, is mechanical 
stabilization. 
Chemical stabilization (Wooltorton 9) consists mainly 
of adding to a soil material an optimum percentage of a 
material of opposite ion polarity to produce by exchange 
phenomena, a mixture of greater strength or a mixture in 
which the clay mineral p?,rticles. or aggregates are surroµnded 
by:, __ a shield resistant to moisture penetration, This pr9blem 
is_0essentially one of a surface .... chemical type. · Not only can 
the usual soil properties be altered, but also entirely new 
soil properties such as tensile strength and flexibility can 
be produced in soil by the proper chemical treatment. 
The problem of stabilizing soil, as conceived ~Y 
Hauser (10), becomes particularly important when one deals 
with fine~grained clays, most of which contain montmorillonite. 
In these clays, water will have a decided effect since these 
soils lose much of their shear strength when they become 
very wet. Most of the stabilization methods now in use 
encounter increasing difficulties as the size of the dom-
inant soil particles decreases. Due to these difficulties 
the investigation for better stabilizers for the fine-
grained soils is being pursued quite actively. 
Clays, in soil stabilization, must always be oonsidered 
as very important and often major soil components; therefore, 
a basic knowledge of their structure, composition, and mor~ 
phology is of great importance. 
Despite the emphasis placed here on the clay minerals 
and their properties, it should not be forgotten that clay 
minerals in natural soils frequently have adsorbed on their 
surfaces organic matter resulting from the decomposition 
of plants or animals, thereby becoming , oontaminated. Be-
cause of this, surface activity of these clays will differ 
considerably from that of pure clay. 
Fundamental Concepts 
Murray (8) states in his article that every mass is 
united by a three-dimensional network of forces. These 
forces are considered to be of two major types--chemical 
and physical. Chemical forces are those forces that exist 
between the atoms. Phys ical forces are those that exist 
between the molecules and di s cret e aggregates and are essen-
tially surface forces. Here a molecule is considered to be 
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a group of atoms united by chemical forces. 
The two chemical forces that are of major importance 
in soil stabilization are ibnic bond and covalent .bond. 
Since these bonds exist· between atoms, considerable energy 
is required to break the atoms apart, and once broken apart, 
they do not readily combine again •. The ionic bond is formed 
by a transfer of electrons from one atom to another to form 
charged particles. These atoms are than held together by 
the electrostatic forces developed due to these charged 
particles or ions.·. These bonds are the simplest type, 
extremely. strong, and considerable energy is required to 
break the atoms apart. 
The covalent bond is formed by a sharing of electrons 
by the atoms. This sharing of· electrons is accomplished 
by the transfer of energy between the different atoms as 
the electrons spin about their nucleuses in opposite di-
rections. These bonds are less strong then the ionic and 
exist, generally in non-electrolytes and between elements 
that are electronegative. 
There also exists another chemical force of minor 
importance known as t'he hydrogen bond. It is a bond caused 
by the attraction of two atoms or anions to the hydrogen 
atom's single proton. This develops a weak bond because 
normally when only one anion is bonded to each proton a 
stronger bond arises. 
The physical forces that are of interest a:re the Van 
der Waals and polar forces. These forces generally are 
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considerably weaker than the chemical forces and can be 
broke;n quite easily by. phy.s:i,cal.methods such as heat and 
solvents. Usu~lly upqn the removal of the disturbing.effect, 
the material reverts.to its original unaltered form, 
Many molecules have been shown to have an uneven dis-
tribut;i,on of electrons within the molecule caused by a lack 
of symmetry, thereby. producing localized electrical charges. 
These types of.molecules are termed dipoles, The Van der 
Waals forces exist between those molecules that are not 
dipoles whereas the polar forces exist between those mol~ 
ecules that do have localized ~lectr~cal charges. 
•, 
In a mass of soil, the interatom forces are the 
chemical or primary forces whereas the .aggregation of 
the particles is due to the physical or secondary forces. 
In many types of soils these secondary forces can be of 
considerable magnitude because, since they are surface 
forces, they depend upon the amount and typ~ of surface 
present. 
In the ultimate analysis stabilization, or more 
generally, modification of the properties of a soil is 
effected by altering the forces that unite the individual 
soil particles. This may be accomplished by altering the 
secondary forces already present in the soil or by intro-
d1,1,0ing a new material that acts through its own primary 
or secondary forces. 
Struct1.1re of Clay Minerals 
Hauser (10). states that in 1923, investigators were 
able to prove by the use of x~rai diffraction studies that 
clays were crystalline in structure. Since then 01,1r know-
ledge of the structure of clays has greatly lncreased and 
.it ha1:1 been· found that the common clay minerals are all . 
composed of hydrous·. aluminµ;m':"'silicates, which pave very 
weak 'basal. c~eavage planes that.allow them to 'be broken 
into extremely th~n sheets ·(Means and Parcher 11), 
These hydrous aluminum silicate minerals, as dicussed 
by Means and Paroher (11!), are composed generally of two 
. I 
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fundamental b1.1ilding blo.bks, which are a tetrahedral silica 
unit ~nd an octahedral hydrous aluminum oxide unit. 
The tetrahedral silica unit is a .tetrahedral arrange-
ment of four oxygen :i.ons with1·ia silicon ion enclosed within 
the oxygen ion· arrangeme.nt. . The :r.fi.dii and distances between 
the silicon· and oxygen ions are suoh that.they permit the 
four oxygens to touch,· leaving ·a space just large ~nough 
to include the silicon ion. These tetrahedral silica units 
become bonded together with other silica units by sharing 
9,f ec;ich of the.· oxygen ions in the oase with another· tet:i;--a-
~edral silica unit.· The strong horizontal forces that are 
developed between these units with exchanged and shared 
electrons are by ionic o~ covalent bonds. Pue to the strong 
bond provided by the sharipg of the oxygen ions with two 
molecules, a sheet structure of silicon ions between two 
layers of oxygen ions is formed. In this arrqngement the 
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oxygen bases of the tetr~h.edrals are in a common plane with 
the apexes all oriented in one dd..rect:i,on, The net ch~rge 
of the unit becomes a minus one, because of the minus five 
produced bl the shared oxygen ions and only a plus four 
from the silicon ions, 
The octahedral hydrous aluminum oxide unit (gibb$ite) 
is an ootahedral arrangement of six hydro;x:yl ions enclosing 
an aluminum ion, These octahedral units.are bound together 
in a sheet structure with each hydroxyl ion oo:rnmon to three 
other octahedral units. Because aluminum has a plus three 
ch,arge and the sharing of hydroxyl ions contributes only a 
minus two charge there results ~ net :charge of the octahedral 
unit of plus one. 
Under some special conditions, the aluminum ion. ·may be 
substitued for an iron or magnesium ion without changing the 
crystalline form. Accordin~ to Hauser (10), there is induced 
into the structure of these units with substituted ions, 
strains · c.aused by the magne~:i,um ion being larger than the 
aluminum ion. The strain is developed by the magnesium ion 
having to stretch the aluminum cavity to be able to fit 
itself into the cavity. Such a substitution of ·one element 
for another in the formation of a crystal without changing 
the crystalline form is known as isomorphou~ ~ubstitution. 
The different clay miner~ls that exist are formed by 
bonding tqgether di:fferent combinations of the molecular 
she~ts of silica and gibbsite. When t)J.e apex's of the 
silica. units become ~ntergrown with the hydro~yl ions of 
the gibbsite units, a two layer elemental sheet is formed 
with a strong ionic bond because of the opposite charges 
of the two units. 
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If in the formation o;f' the combined silica .. gibbsite 
sheet, there are more silica units present than aluminum-
hydroxyl units then a silica-giobsite sheet with a surplus 
of negat~ve charges is formed. This combined sheet has the 
share.d oxygen· ions o:f the silica sheet · exposed on one side 
and the shared hydroxyl ions of the gibbsite sheet exposed 
on the other. 
In the formation of miner~ls, sometimes there becomes 
an excess of silica ions which causes another elemental. 
sheet to ?e fo;rmed by the addition of another silica sheet 
being bonded to the other side of the gtbbsite sheet. This 
new silica-gibbsite~silica sheet structure becomes even 
more negative i.f' magnesium replaces the al'l,ll'Ilinum by iso-
morphic substitution. The negat~vely charged surfaces then 
may attract, and be held apart by, dipolar water mol~cules 
when their positive ends are oriented toward the negative 
surfaces of the elemental sheet~, The negative surface~ 
of thes~ elemental ~beets may also be held together with 
oat~ons of ~otassium, oalciµm, sodii.,im and some~more of the 
common elements, 
The distance between these elemental sheets is control~ 
led by the amount of dipolar water-available for ~eaotion. 
with the negative surfaces. 
The three clay minerals montmorillonite, illite and 
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kaolinite 1 are the principal minerals of clay and the cause 
o.f many of the clay's characteristic ·properties, 
Montmorillonite is a hydrous aluminum silicate crystal 
formed by layers of silica-gibbsite .. sil:Lca sheets separated 
by attracted water·layers·between the negatively charged 
silica sheets. A very important characteristic of the 
montmorillonite clay is that it has an expanding lattice. 
This e;xpanding·lattice is cau,s(;:)d by the varying amounts of 
water that is available and can be attracted between the 
negatively charged silica sheets .. rpis expanding lattice 
is developed by the power of the silica ... g:i,ppsite .. silica 
sheet being ·able to attract a water thickness up to twenty 
times the thickness of the el~menta,1 ~heet. 
·lllite is a hydrous aluminum silicate crystal that 
i~ similiar to montmorillonite except that the adjacent 
silica layers are bonded together with potassium ions 
instead of water, Because ( :·. the cation bond of the illj. te 
is stronger than the water bond of the montmorillonite th~ 
tendency o'! the illite lattice to e)Xpand :i,s not.as great as 
that o! the montmorillonite. 
Kaolinite is also a hydrous alwni~wn silicate crystal 
but is is formed by a stacking of a,lterna.te layers of 
silicate and gibbsite sheets bonded together by a hydrogen 
bond, Becaus~ this hydrogen bond between the base surface$ 
of the silica layer and the gibbsite layer is quite strong 
the lattice is t~irly stable and does not expand readily. 
Also because o! this relatively strong hydr$gen bond the 
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partiGies of kaolintte do not oreak down into single silica~ 
gibbsite sheets but clusters of sheets with high ~egative 
charges "Wh;i;oh can attract very thick layers of water. 
Ion Exchange 
Ion exohapge and the exchange reactions are important 
properties of clay.minerals that must also be considered in 
the study of clay soils (Grim 12·). These properties of aij-
sorbing and retaining oertain anions and cations in an ex• 
changeable state and then exchanging ·them by treatment with 
other ions i,n a water solution are of extre~~ importc:3rnce in 
all fields of the study of- clay materials~ Grim (13) states 
that these ~xchangeab~e ions are held around the outside of 
the silica.aluminum .clay mineral structural ,;:i.nit and that 
the exchange reaction usually will not affect the structure 
of·the silica~alumin'U+Il crystal. Ion exchange and reactions. 
are of two major types ...... cation exchange and a:qJo.n exch~nge. 
· Cation exohange is considered to be caused in clay minerals 
qy one·of three types of mechanisms. One method is that 
the bvoken bonds along the noncleavage surfaces of the 
silica-aluminum units leave unsatisfied charges that can 
be balanced Py the adsor~tion of cations. Beca~se the 
exchange capacity increases as the number of broken bonds 
increase and these bonds increase as the particle si~e 
decreas,es 1 this method becomes the major· cause· of cation 
exch~nge in kaolinite and illite minerals. 
A secGnd method is by substitution within the lattice 
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of the trivalent aluminum for ions of lower valence, usually 
magnesium. This type of substitution acoounts tor approxi-
mately eighty percent of the catioij-exqhange capacity of the 
montmorillonite minerals. 
A tbird method is by the replacement of the hydrogen 
of the exposed hydroxyls with an exohan.geabil:e\,catd.o:r;;i.. '.Tfu:ts 
method is of importance in the cation exchange of kaolinite 
but there is some doubt ·as to how strong a factor it is 
bec~use normally these exposed hydroxyls are present along 
the broken edges of the clay minerals and the first method 
probably has more effect. 
The rate of cation~exchange reactions varies with the 
clay mineral, with the conc~ntrJtion of the cations, and 
with tne nature and concentrat~on of the an~ons. These 
reactions are r~pid fof kaolinite, slower for montmorill~ 
onite and extremely slow for illitic minerals. 
Anion exchange ~~actions are extremely difticult to 
inve13tigate because the clay minerals wil;L decompose during 
the course of the reactions. lt is believed, that anion 
exchange can take place by two major methods. First by 
the ~eaction of Jnions with the broken bonds around the 
edges of the clay mineral particles and second by a ~eaction 
with the hydroxyls on the surfaces of the clay mineral 
particJ,es. 
The exohange oapacity of materials is measured and 
expressed in terms of milliequivalents per ~00 grams at 
a p}L of seven. 
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Clay .. Water, Relationsh;i.ps 
One of the important physical properti~s of soils with 
which the engineer is concerned is vo~ume change. In clays, 
the volume change can be of considerabJ,..e magnitude and is 
usually deveioped by a change in moisture content causing 
either a shrinkage or swelling process. Therefore, the 
engineer becomes interested in the amount and types of 
moist~r.e present and the effects of them upon the clay 
structures. 
The water that is attracted and held by the clay 
material is of four different types (Grim 14). The first 
one is not of much concern because it is affected only by 
extremely high temperatures; but the last three occur at 
normal temperatures and are classed according to the water's 
relation to the clay mineral components and texture. 
(lV Lattice water--this is not considered to be ordi-
nary water becau~e it is composed of the hydroxyl 
groups of the-crystalline ~tructure. 
(2) Pore water-~this water has all of the properties 
of ordinary water and is the w~ter in the pores, 
on the surfaces and around the edges of the par-
ticles composing the clay material, 
(3) Aijsorded water~-this is the non~liquid water con-
tained on the surfaces of the minerals, both the 
exterior and the interior surfaces on tbe minerals 
with e~panding lattices. This water is highly 
immobile and strongly orient~d because of the 
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di~ole characteristics of the water molecules and 
the normally negatively charge~ $Urfaces of the 
clay mineral particles. This water is solid or 
non ... liquid and forms relatively thin ).,aye:rs varying 
from one to ten molecules thick. 
(4) Attached we,ter ... -this is the layers o;f ordfnary 
water contained around the adsorbed water, It's 
viscosity varies from that of thick molasses next 
to the adsorbed water around the particles to that 
of ordinary water at varying distances from the 
particles. 
The volume change behavior of soils i~ ext~emely influ-
enced by the amount and type of clay mineral present along 
with the changes in moisture condition. Moisture conditions 
is a general term relating to the physical environment of 
the soil which determines the movement of water through the 
soil. 
Because of the electrical, colloidal nature of clay, 
the clay particles h~ve a great attraGtion for ions and 
water in the double .. laye;ri association of water about the 
particles (Lambe 15). 
An equation of statics may be written that will predict 
volume change and relate the intra~particle stresses with 
the engineers applied and measured stresses, 
The equation is: 
where: 
~-= the effective or intergrarn,ilar stress which is 
the force transmitted between interacting parti-
cles per unit of soil and can be well correlated 
with soil behavior. 
~:;. 'total E;:ixternal stress applied to the soil~ 
___ M :=: presE;>ure in the free pore water of the soil mass 
which is that water outside the influence of the 
physico-chemiqal forces from the particles, 
R= the repulsive pressure which arises from the 
electrical nature of the particles. 
A= the attractive pressure between clay particles 
which also originates from the electrical nature 
of the particles. 
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This equation is interpreted to mean that for a given 
soil~water system with a given interparticle spacing, there 
is a repulsive pressure between the soil particles {R~AJ •.. It 
requires the application of an effective stress (,;;:1,-~) to 
the soil to maintain volume equilibrium. 
Therefore, any procedure that changes the effective 
stress on a given soil-water system will cause a volume 
change. The effective stress can be changed either by 
changes in .._t-, the externally applied load,or by changes 
in the pore pressure )A • Changes in the pore pressure are 
caused by changes in the moisture conditions of the soil 
such as wetting and drying and are usually referred to as 
swelling and shrinkage, respectively. 
Although volume change due to swelling an~ shrinkage 
are studied in terms of changes in effective stress, it 
should be understood that the particle characteristics o;f 
the soil determine. the amount of vo~ume ~hangs for a given 
effective stress change. One o;f these cha.vacteristics is 
that as the soil particles become smaller, the sµrface 
c;irea of the clay incre;iases. This greater surface arE;Ja. 
rE;Jquires a greater volume change per change in particl~ 
spacing to make delta (R..-A) equal to delta '*". 
S9il shrinkage, from anleffective stress viewpoint, 
is caused by the evaporation of water from the exterior 
surfaces, thereby building up a tension in the pore water. 
This negative pore water stress increases the effective 
stress which leads to· a reduction in the interparticle 
spacing. This reduced spacing causes water to fl.ow from 
between the particles to the surface where it evaporates. 
?he reduction of the particle spacing along with the loss 
of water causes the soil to shr;ink i.n volume. 
Factors that affect shrinkage are the initial water 
content, the degree of saturation, the drying conditions 
and the size·of the s~mple. 
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Soil swelling is usually due to a decrease in the effec-
t~ve str~ss acting on the soil ~ass so that the repulsive 
pressure (R-A) created between the interacting soil particles 
pushes the particles apart~ th~reby causing swelling of the 
so~l. mass, 
Because of the double•layer deficiency of water in 
2l 
partially saturated soils,_p9re water tensions are developed 
which wi:Ll cause water to flow into the soil whenever water 
becomes ava;Llable. The water will continue to flow into the 
soil forcing the double :Layers.ta expa;nd, and .forcing ·the clay 
particles apart, until the repulsive pressures between the 
particles become equal to the applied effective stress~ 
Some) impo.rtant. factors that effect the swelling behav~. 
~or of soils are: 
(1) 
(2) 
( 3) 
(4) 
(5) 
(6) 
composition of the soil, 
initial water content and dry density, 
) 
arrangement and orientation of the so;Ll particles, 
cipemical properties of the·:pore f:j.uid, 
confining pre$sure applied during swelling, and 
time allowed .for swelling. 
Stabilizat:i,:on ReaGtions 
After a stabilizing agent is added to a soil, some type 
of reaction must take place to complete the stabilization. 
(Murray 16). These reactions may be either physical or 
chemical reactions~ 
A physical reaction is one in which the stabilizing 
agent is created before it is added ta the soil, but requires 
an alteration to become effective. The most important 
physical reactions are those reactions caused by change 
) 
in temperature 1 hydration, evaporation and absorption, 
An example of an physical reaction is that of ad~ing port-
land cement .to the soil, which then becomes stab~lized by 
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the alteratiqn of the non~hydrated cement i~to its hydrated 
form •. 
A chemical reaction is one that causes a new material 
to. b~ formed with different properties than the original 
material~ The major types of chemical reactions that $eem 
to be of importance are: 
(l) ion exchange ...... the replacing o! ~ems attached to 
the soil :partic:1res by a different. ion, 
(2) precipitation~~formation of an insoluble compound 
which precipitates out of solution because of the 
~eactions of other chemicals in solution, 
(:3) polymerization ..... th~ creation of large compounds 
qr molecules from the reaction of simple compounds, 
(4) oxidation .. .;.methods ;involving; t)1e use of oxidation 
techniques to produce an stabilizing agent. 
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CHAPTER III 
MATERIALS USED IN INVESTIGATION 
Permian Red Clay 
The clay material used was obtained from a naturally 
occuring deposit of clay associated with the Permian Red 
clay beds located throughout Oklahoma. The Permian Red 
clay was chosen:c,because of its troublesome qualities to 
the highway engineer in construction and the large quani ties 
located throughout many regions of Oklahoma. 
The Permian Red clay used was excavated from a depth 
of two to five feet from the basement of the Life Sciences 
Buildi ng located on the Oklahoma State U~iversity campus 
at Stillwater, Oklahoma. The clay was broken into small 
particles and allowed to air dry to approximately three 
percent water content. Then the clay was pulverized and 
screened through a number ten sieve. Figure (1) shows the 
graih size distribution obtained from a hydrometer analysis 
of the soil. The soil was found to have a l i quid limit of 
40.5, a plastic limit of 15.0, and a plastic index of 25.5, 
using the standard Casagrande procedures. A standard AASHO 
compaction t est produced a maximum dry density of 110 pcf , 
at an opt i mum -wa t er content of 17 percent. Tne spe cific 
gravity was determined t6 be 2.72 . The base exchange capacity 
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of the Permian Red clay was found to be 13.0 M.E./100 grams, 
using both the Bower and the Kjeldahl methods. The Permian 
Red clay consists of approximately 40% montmorillonite, 
30 to 35% illite, and 25 to 30% unidentified material. The 
unidentified material is believed to be quartz, kaolinite, 
and iron oxide. 
Gypsum 
The gypsum used was supplied by the United States 
Gypsum Company plant located at Southard, Oklahoma. The 
gypsum obtained was divided into three parts and then sieved 
through mechanical sieves to obtained gypsum finer than 
No. 10, No. 100, and No. 270. The grain size distribution 
curve for the gypsum is shown in figure (2). The specific 
gravity of the gypsum was found to be 2 .32 and the hardness 
of the Mohs scale to be 2 .0. The coefficient of uniformity 
was determined to be 5.0. 
Because of the large quantities of gypsum located in 
Western Oklahoma, its economy in mining and its controllable 
properties, the gypsum is being considered as a stabilizer 
for fine-grained soils. 
Gypsum (CaS04·H20) which is calcium sulfate with two 
molecules of combined water, is a useful industrial mineral 
found abundantlt:· on the earth's surface (17). It is inex-
pensive to mine and process and its calcined products have 
a wide range of readily controllable properties such as 
I 
strength, density and setting time. The valuable properties 
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of gypsum result from its two molecules of combined water. 
After moderate heating, three fourths of thas combined water 
is removed and gypsum becomes a plaster whic~ will set with 
addition of water. 
Man has long recognized the useful qualtities of gypsum. 
It was utilized by the Egyptians in the construction of the 
pyramids and later by the Romans for important structures. 
The use of gypsum continued through the Middle Ages and 
into modern times. Up until a few years ago gypsum was 
used mostly as a soil conditioner, but in recent decades 
it has become much more important as a major material for 
the building industry. Its major uses is in making plaster 
boards, making of P,laster of P,aris, as a retarder in Portland 
Cement, and as a filler in paints and paper. 
Gypsum is generally found as a sedimentary rock asso-
ciated with limestone, dolomite, shale, or clay, in strata 
deposited from ; earlyuJ?aleozoic :i .to,;:i-~cent:,· t!Lme ~" The Permian 
was particularly noteworthy for the development of enormous 
deposits, including the famous gypsum beds stretching from 
Kansas across Western Oklahoma and into Texas. In past 
geological times, notably during the arid climate of the 
Permian and Trias, the evaporation of seawater, intermit~ 
tently replenished with further supplies, resulted in the 
accumulation of great thickness of gypsum saline residue 
deposits, which have become an increasingly important mate-
rial in today's building and construction industry. 
Loess 
The loess material used was obtained from a naturally 
occuring deposit located in Grant County, Kansas, near 
Ulysses. The loess material was investigated to determine 
if gypsum and trace chemicals could be used as effective 
stabilizers~ 
Excavation of the soil ranged from a depth of five 
to seven~i-feet in a test pit that had been excavated for 
;foundation studies for the Cities Se;rvice Helium plant. 
The soil was taken out of the test pit in blocks about one 
foot square. The blocks were wrapped, waxed and stored in 
a humid room to preserve the soil in its natural condition 
awaiting time of its use. 
The soil was a light~grey silty~clay loess material 
which contained noticable quantities of calicurn and magne-
sium along with traces of sodium and potassium. These 
compounds existed probably in the form of salts deposited 
from solution by evaporation. 
The soil was taken from its storage condition, broken 
into small particles by hand and allowed to air dry. Then 
the soil was sieved through a number ten ·s·ize sieve and a 
series of property determination tests was conducted. 
Figure (3) shows the grain size distrubtion curve obtained 
from a hydrometer analysis. A liquid limit of 39.0, a 
plastic limit of 16.0 and plastic inde:x; of 17.0 was obtained 
by use of the standard Casagrande procedures. A standard 
AASHO compaction test yielded a maximum dry density o;f 
99, 0 pcf. · and an optimum moisture c<;mtent of 22. 0%. The 
specific gravity was determined to be 2.69. 
Trace Chemicals 
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The chemicals used as trace chemicals were of a reagent 
type purchased from the chemistry .storeroom. The chemistry 
storeroom is operatE:;;d by personnel in the Chemistry depart ... 
ment and is located in the Cheriiistry .... Physics Building located 
on the Oklahoma State Univer'sity campus. 
Sand 
The sand used in the PVC test was an Ottawa (quartz) 
sand purchased from the Dolese Company in Oklahoma City, 
Oklahoma, 
·.~·-· ... , 
CHAP.TER IV 
LABORATORY'TESTING PROCEDURES 
General 
. The condit~on .of ·1 the ·soil is· extr.emely dependent upon 
the .amount -6r moisture it :,c·ontains.; ~herefore, caution must -
' 
be exercised in the dete·rmina tion of its wat-er conten-t. 'rhe 
"ini tia.l water content of all soils used .. was de.termined by ; 
di vi-<!irig the dry weight of t~ mat_erials i n to: the loss :_'_in 
weight -d~ririg drying. . 
These materials · were dri~d . in -a -drying. ove~ maintained 
-at 60 to 65° C. to drive o.ff the initial or free moist~re. 
-Drying temperatures :. ·of- greater than h5° C. could not :'.·.be 
used with any mixtures ·-contaiI}.ing gypsum . Gypsum will 
·calci'ne at temperatur.,es above 650 .C., .there·by dJ:'livi11-g 
off :part of the · water ,:Of i crystallizat._icm.,:v1ltich .grea~l:y 
affects ·the amount of mo-is.ture present. The .true -moi.stu~ 
cont,ent was used to .determine the ,drJ' _; deneity of ·the'>~pec-
imens and to check for ,_undesinable- molstul'.'.'e · cl;la:Q,,ges · that 
might have o.ccured duri~g the ·t~st. .· The - t-rue;·, -moistur-e 
content was determine.d upon the · port;i.on of · soil t :hat· .was 
recovered · after . the ·s -p.e.cimen was tested. Di vidin:g -the dry 
weight· of this soil into the loss :· in ,)weight due to ·. 24 ·hours 
of ·drying at 65° C. is .considered the true water content. 
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Compaction of soil specimens :is also dependent upon the 
amount·of moist'\lre present· in the.soil. This comes about 
from the fact that for a given compactive effort, a soil 
w;i.11 obtain its ma:ximum density at a particulc;1r moisture 
content. This moisture content is arrived at by plotting 
a curve for a. series of specimens prepared at different 
moisture contents. The water content at.the point of maximum 
density was considered to be the optimum moisture .content. 
It was at these optimum conditions that:almost all of the 
specimens were prepared. 
Proportioning and Mixing of Materials 
·Proportioning of the materials to be stabilized was 
done while they were in.an air-dried condition. The pro-
portions are based on the total dry·weight 9f the mixture. 
Such as, a mixture of 10% gypsum and 90% Permian Red clay 
means that 10%.of the total.dry weight is gypsum and 90% 
is cl~y. The dry materials were throughly mi:xed by hand 
until the appearance of the material was uniform. 
The amount of distilled water. required for the mix 
was based upon .the total weigh~ of the dry materials, while 
considering the initial .water content. If 12% water content 
wa1;1 desired for a 500 gram.mix and the initial water content 
was 4% then• ( O, 12-,:0 .·04 ) ( 500 ) or· 40 grams of distilled 
water was added to the dry mix. The water was added gradually 
to the materials while they were being mixed thonQµgh+Y• The 
mixing was halted when t'he appearance of the materials devel ... 
oped a uniform textu~e. 
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The trace chemicals were added on the same basis as 
the water~.a certain·percent of the total dry weight. Some 
of the trace chemicals were-added "t,o the dry materials in 
. i . 
a powdered form while others we;re dissolved in·the distilled 
J ' 
water that was to be useid. When the chemicals were dis-
solved, the liq,liid solution in some cases had to be cooled 
I . back to room -~.'!;)ernperature because the· solution became hot 
: 
i 
when the chem~cals dissolvedw 
I 
Uriconfined Compression Test Specimens 
Immediately upon completion of the mixing, the soil 
was compacted into cylindrical test .specimens using the 
Harvard IV{iniature·oompaction Device designed by S. D. Wilson. 
/ 
The comp.active energy was ebtained by .the use o.f·a hand-
. operated spring loaded tamper. The tamper was calibrat.ed 
to exert a twenty pound force per blow·with a 0.375 inch 
giameter piston~ The material was compacted in three equal 
layers of material with 25 blows per layer equally spread 
over the ma.terialp The mold in which the specimens were 
formed was 1.31 inches in diameter and 2.82 inches long. 
',I'he corJl:!e:ctlength. of 2 ~ 82 inches was· obtained by trimming 
·the ends of the specimen with a straight.edge. The specimens 
~ere then extruded from their molds by the use of a hand 
I 
./operated extruder, care; .being ta~en not t,o disturb the spec-
imens, and weighed to d,etermine their wet density. Because 
the mold volume is 1 / 454 th of a cubic foot, the weight 
of the specimen in grams is equivalent to its unit weight 
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in pounds per cubic foot. During the process of compaction, 
precautions were taken to try to keep the remaining material 
at its initial water content to insure that all specimens 
of a certain series would have relatively consistent moisture 
contents. 
After completion of compaction and extrusion the spec-
imens were prepared for preservation to maintain their orig-
inal moistu~e contents during their required curing times. 
The procedure consisted of carefully wrapping them first in 
saran wrap and then in aluminum foil. The combination pf 
saran wrap and aluminum. foil was needed because of the tend-
ency of some chemicals to react with the aluminum foil caus~ 
ing damage to the specimens during curing. Now the specimens 
were dipped in a molten micro-crystalline wax to form a wax 
coating of about 1 /16th inch thick. The indentification 
labels were attached to the specimens which were than placed 
in open trays and stored in the humid room for their respec-
tive curing periods. 
The humid room was maintained relatively constant at 
about 70% humidity by a humidifer. The temperature of the 
humid room was also fairly constant due to the heating and 
air conditioning systems of the laboratory area. 
Testing was performed with a Karol-Warner Model 550 
Unconfined Compression Machine equipped with a Model KW-38 
Chart Recorder. The machine is mriven by a 1 /6th hp. 
electric motor whos e speed i s controlled by a Model KWDV- 2 
Variac which allows the rate of loading to be varied. 
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The specimens were removed from their preservation 
wrappings and centered in the machine. At the instant the 
loading head comes in contact with the specimen, the loading 
head was stopped and the chart recorder was set to a zero 
strain reading. A strain rate of 0.3 inches per minute was 
then used until the load plot on the chart recorder indicated 
that the maximum load had been exceeded. The load was re-
leased, the type of failure recorded, and the majority of 
the specimen recovered for use in the moisture content 
determinatdi:on. The maximum load and the strain for that 
load were logged in the data files for determination of 
maximum stre·~s and strain. 
Precautions to keep the specimens moist while be~~g 
' 
tested were not considered necessary since the temperature 
of the cured specimens and the atmospheric temperature were 
approximately the same. Also the maximum time the specimens 
were exposed to the atmosphere for testing and weighing was 
three minutes, which was not considered significant in pro-
ducing loss of moisture. 
PVC Swell Test 
The Soil PVC ( potential volume change ) Meters as 
designed by T. W. Lambe of Massachusetts Institute of 
Technology (Lambe 18), were used to determine the swell 
pressures due to different soil mixtures at various initial 
water contentsf These swell pressures are used as a measure 
of the swelling characteristics of the different soil mixtures. 
1.u··· 
. After comp~et:Lon of the proportioning and mixing of 
the materials for the PVC test, compaction was started. 
The compaction was performed by compacting the soil into 
a ring to make a specimen 2.750 inches in diameter and 
0.625 inches in thickness. !he material was p~aced in· 
three equal layers with five blows per layer being applied 
with a hammer, similiar·to the standard proctor hammer, 
that delivers a .5.5 pound force through a one foot free 
fall. 
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The specimen top was trimmed to produce a level surface 
and a specimen thickness .of 0,675 inches. The ring·and 
specimen was weighed to determine its wet density, and part 
of·the trimmings were recovered for determination of the 
initial moisture. content.-
The specimen was now p~aced in the PVC Meter device 
'between two dry, porous stones and assembled so that.an 
initial load of 200 ps;f, could be applied to the specimen 
with the proving:ring. The specimen was then completely 
suomerged with distilled water and the time and dial read-
ings were recorded for the necessary times. 
The swell pressures exerted in psfp at the end of two 
hours submergence was considered as the swell index of the 
soil specimen for ·its particular initial moisture content. 
The device was now disassembled and the soil specimen was 
recovered for determination of·its final moisture content 
and dry density. 
CHAPTER V 
TESTS AND RESULTS 
Pilot Studies 
In this initial study, seventeen trace chemicals were 
selected and mixed with gypsum-clay mixtures of 10% gypsum-
90% clay and 30% gypsum- 70% clay. The clay used was mechan-
ically sieved through a No. 10 s;ieve and.the gypsum.through 
a No. 100 sieve. The chemicals used were selected after a 
study of published reports about the effects of trace chem-
icals on clay-lime mixes. · No chemicals were selected that 
were danger6us to use or were considered'.to be expensive. 
I~ this study, one percent of each of the trace chemical 
additives was introduced into each of the.two sets of gypsum-
clay mixtures. Specimens were also prepared of gypsum~clay 
mixtures without a trace chemical for purposes of control. 
For each series five specimens as nearly identical as possible 
were prepared at an optimum moisture content of 17% for the 
10%-90% gypsum-clay series and 15% for the 30%-70% gypsum-
clay series, These specimen groups were cur.ed for curing 
times of 1 day, 7 days, and 28 days.before they were tested 
in unconfined compression.· The trace chemicals used and.the 
resuJ..ts of the unconfined compression tests for the different 
cur~s are tabulated and presented in figure 4. From a study 
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of figure 4 bQ,sed upon the increased ea:rly strength of the 
mixtures.for one day and seven days, it was quite obvious 
that sodium hydroxide had the greatest effect upon the uncon-
fined compression strength but that sodium bicarbonate and 
sodium sulfite also had noticeable strength increases. Fur-
ther study shows that all sodium compounds produce some in-
crease in strength which way.be because of the smaller atomic 
diameters of the sodium ions that allow a greater interpar-
ticle attractive force to develop. 
Intermediate Studies 
The intermediate studies were concerned with a more 
detailed investigation of gypsum-clay mixtures using the 
three trace chemicals selected from the pilot studies. 
Here again 10%-90% gypsum-clay and 30%·70% gypsum-clay 
specimen mixtures were used. 
In figure 5 is shown the results of using 0.5%, 1.0%, 
and 2.0% cqntents of sodium bicarbonate, sodium hydroxide, 
and sodtu,m sulfite with the two gypsum-clay mixtures for 
1 day, 7 days, and 28 days of curing :time. Here again, it 
was quite evident that sodium hydroxide mixtures are ,_ 
associated with large increases in unconfined compression 
strength, 
To study the effects of gypsum-trace chemical additives, 
a series of specimens were compacted using clay without gypsum 
and 0,5%, 1.0%, and 2.0% of the three trace chemicals for 
cures of l day, 7 days,.and 28 days. These results are shown 
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in figure 6. Also in figure 6 are shown.the control values 
of the gypsum-clay mixtures used.here. 
Comparison and study of figures 5 and 6 show:: a definite 
superiority of sodium hydroxide over sodium bicarbonate and 
sod;ium sulfite. The use·of ·sodium hydroxide with the gypsum-
clay specimens produces strengths much greater than those 
obtained.in the clay specimens in which sodium hydroxide was· 
used without gypsum. This.could possibly indicate·that a 
chemical reaction.in the form of an ion exchange, either 
·anioniq or cationic, takes place.between the gypsum and the 
sodium hydroxide. Also.crystal growth was present upon many 
of the sodium hydroxide-gypsum specimens which also indicates 
an ion exchange of some type. The use of clay and sodium 
.hydroxide also produced greater strengths·then·was obtained 
.from the clay with gypswn tests. 
Strengths obtained by the use of sodiu;m bicarbonate and 
sod;ium sulfite were not noticeably affected eit;,p.er by the 
percentages of chemicals used :.1or by· the percentage of gypsum 
pr~sent in the clay soil specimens. 
Fµ.rther study also indicates a trend that the strengths 
obtained from the use of sodium hydroxide in clay with gyps'(lm 
specimens increases as the percent of sodium.hydroxide was 
increased up to 2. 0%, .. as was done in this series of. tests. 
· This strength increase also parallels the results obtained 
from those specimens containing no gypsum. 
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Sodium Hydroxide Studies 
From the previous studies it was concluded that sodium 
hydroxide was the most effective of the trace chemicals in-
vestigated. At this point a thorough investigation of the 
use of sodium hydroxide as an effective gypsum-Permian Red 
clay stabilizer was launched. 
For this series of tests, specimens of gypsum contents 
of 0.0%, 5%, 10%, 20%, and 30% were prepared with sodium 
hydroxide contents of 1%, 2%, 3%, and 5% at . optimum moisture 
contents. Within the 2% sodium hydroxide groups, specimens 
were prepared at 2% above and below optimum. Specimens were 
prepared ~lso for the 20% gypsum-SO% clay-5% sodium hydroxide 
group at moisture contents 2% above and below optimum. Five 
identical specimens were prepared for each of the above com-
binations for curing periods of 1 d?Y, 7 days, 28 days and 
90 days. 
The results of these tests in terms of unconfined com-
pression strength are presented in figures 7 through 21. 
These figures show the effects of varying the quantities 
of sodium hydroxide, gypsum, and initial moisture. 
Study of figure 7, which is clay without gypsum being 
present, indicates proportiopal strength increases as the 
amount of sodium hydroxide and the length of cure are in-
creased. Comparison of figure 7 with figures 8 through 11 
also shows this proportional strength increase for almost 
every point. Also figures 8 through 11 show that as the 
amount of gypsum is increased, there is a relatively constant 
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increase in strength. This increase is shown in figure 11, 
for JO% gypsum,to be as much as 1.5 to 3 times the strengths 
obtained in figure 7 where gypsum was omitted. For low 
gypsum contents, the effects of increasing sodium hydroxide 
contents on the strength are erratic for 1 and 7 day cures, 
but are very consistent for 28 and 90 day cures. Therefore, 
some time must be required for the complete strength reaction 
of sodium hydroxide and gypsum to transpire. 
For gypsum contents up to JO% and sodium hydroxide to 
contents of 5%, no optimum condition is seen to be evident. 
In figures 12 through 15, the optimum percentages of 
gypsum for sodium hydroxide contents of 1%, 2%, 3%, and 5% 
are 13%, 13%, 20%, and over JO%, respectively. The amount 
of strength increase in all cases seems to be due more to 
the increased curing time then due to a particular content 
of either gypsum or sodium hydroxide. Up to 3% sodium hy-
droxide, a gypsum content of about 15% would seem to be about 
optimum and the amount of strength developed would be con-
trolled by the length of curing allowed. 
In figures 16 through 20 are shown the values and curves 
obtained f~om the 2% sodium hydroxide series of specimens 
which were prepared at approximately optimum, at 2% above, 
and 2% below optimum for the gypsum-clay mixture being pre-
pared. Thip was done to study the effect and relation of 
the initial water content upon the strength of the different 
gypsum-clay mixtures. 
Due to the variance of the plotted points, the curves 
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could not be drawn exactly, but were drawn to show what was 
believed to be the general trend of the points. The trend 
here seemed to be that moisture contents between 15% and 19% 
usuc;1lly produced the highest strengths. These varied from 
about 18% for clay without~gypsum and the lower gypsum con-
tents (up to 20%), to about 15% for the JO% gypsum content. 
Figure 21 shows the effect.of initial moisture content 
for the Permian .clay-20% gypsum and 5% sodium hydroxide. 
Here much higher strengths are produced due to the 5% sodium 
hydroxide, but moisture contents lower than 18%_ (shown in 
'figure 19 for 2% sodium hydroxide), are required for the 
higher strengths. 
These general curves, in figures 16 through 21, also 
show the proportional increase in strength due to the length 
of cure and the amount of gypsum that was also indicated in 
figures 7 through 15. 
The effect of sodium hydroxide content upon the dry 
densities obtained from a given compactive effort upon mix-
tures of Permian clay and gypsum are shown in figure 22. 
In general as the percentage of gypsum was increased, the 
dry density became lower without regard to the sodium hy-
droxide content, Now if all cases are considered as one, a 
sodium. hydroxide content e>f 2% to 3% would give about the 
greatest dry densities that could be obtained from these 
mixtu.res. 
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Calcium Hydroxide Studies 
Calcium hydroxide (lime) was used to study the effects 
and relationship developed by the use df small percentages 
of calcium hydroxide as compared to sodium hydroxide. Mu.ch 
work has been done on the use of calcium hydroxide as a soil 
stabilizer and is preferred in field work because of its ease 
of handl;i.ng over that of sodium hydroxide. For these tests, 
a series of specimens were prepared for 20%-80% gypsum--clay 
mixtures for 1, 7, 28, and 90 days curing times. Five rep-
lica§.:::.::, were made .for each combination, using calcium hy-
d+oxide percentages of 1%, 2%, and 5%. 
Comparison of figure 10 with figure 23 shows that the 
curves produced by the two chemicals are quite similiar. The 
calcium hydroxide shows strengths a little greater than the 
sodium hydroxide strengths as the percent of chemcials and 
the length of curing time are increased. 
In figures 24 through 26.are shown the effects of var-
ious admixtures of gypsum, sodium hydroxide, and calcium 
hydroxide on the unconfined strength of Permian clay prepared· 
and cured at optimum conditions for 7, 28, and 90 days. Here 
besides only mixtures of gypsum and clay, were also mixtures 
of gypsum and clay with either 2% sodium hydroxide or 2% 
calcium hydroxide contents. These curves show that gypsum-
clay-2% sodium hydroxide produces substantial strength in-
creases over the use of gypsum-clay only (up to 30% gyp1:1:um); 
but that those mixtures in which.2% calcium hydroxide was 
used showed a slight strength increase over those mixtures 
in which 2% sodium hydroxide was used. In connection with 
the use of sodium hydroxide, the indications are that an 
optimum amount of gypsum occurs around 20 percent. 
Loess-Gypsum Studies 
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To investigate the effects of gypsum and sodium hydro-
xide upon a soil less plastic than the Permian clay, a loess 
material was obtained for study. Gypsum contents of O, 10, 
20, and 30 percent was used with loess contents of 100, 90, 
80, and 70 percent, respectively without sodium hydroxide. 
Some specimens of 10%-90% and 30%-70% gypsum-loess combina-
tions were prepared with 1 percent sodium hydroxide. Five 
identical specimens were prepared for 1, 7, and 28 days of 
curing for each of the combinations. The strength values 
obtained from these different combinations are shown in 
figure 27. 
The use of increased amounts of gypsum seems to produce 
some proportional increases in the strengths for the 1 and 7 
day cures; but the longer curing time of 28 days does not 
produce a marked strength increase. 
The use of 1 percent sodium hydroxide with the 10%-90% 
and 30%- 70% gypsum-loess mixtures produces strengths over 
twice those obtained from loess mixtures without either 
gypsum or sodium hydroxide. Greater strengths also resulted 
from the 30%-70%-1% gypswn-loess-sodium hydroxide combina-
tions then from the 10%-90%~1% gypsum-loess-sodium hydroxide 
combinations. This seems to indicate a need of the sodium 
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hydroxide for a larger amount of gypsum for. :a;,.m0reo:09ihp1ete 
chemical reaction. 
From a comparison of figures 4, 12, and 27, the indi-
cations are that the use of loess (for curing periods up to 
28 days) does not produce a noticeable strength increase or 
decrease over the strengths obtained from the use of Permian 
Red clay. 
Fine Gypsum Studies 
To study the effect of using gypsum finer then that 
passing the No. 100 sieve, a quantity of gypsum passing the 
No. 270 sieve was obtained. Specimens were prepared for 
fine gypsum contents of O, 5, 10, 15, 20, JO, and 50 percent. 
with Permian clay at optimum moisture contents and allowed 
to cure for 1, 7, 28, and 90 days. 
The results, as shown in figure 28, indicate that the 
use of the fine gypsum has almost no effect upon the strength 
·as compared to the strength of clay without gypsum. The 
erratic variation of the plotted points probably arises from 
the variation in moisture contents of the tested specimens,· 
but was not believed to have affected the strengths obtained 
to any major degree. Also.comparison with figures 25 and 26 
shows very little difference in the strengths obtained using 
fine gypsum over those obtained using the normal gypsum. 
Therefore, no further studies were made in the use of the 
fine gypsum. 
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Swelling Press~re Studies 
As was discussed earlier, the PVC meter was used to 
measure the swelling pressures developed from confined spec-
imens. Specimen combinations of 10%-90% gypsum-Permian clay, 
30%-70% gypsum~Permian clay, 10%-90% sand-Permian clay, and 
30%-70% sand-Permian clay were prepared and tested. A series 
of specimens were also tested using 1%, Z~, 3%, and 5% sodium 
hydroxide with the 10% and 30% gypsum contents. Also prepared 
were specimens using 2% and 5% calcium hydroxide instead of 
sodium hydroxide. These specimen series were all prepared 
at initial moisture contentB of 6%, 11%, 15%, and 19% during 
compaction. For control, specimens were used of Permian 
clay without additives and Permian clay with the above men-
tioned percentages of sodium hydroxide and calcium hydroxide 
without gypsum. 
As was dicussed in Chapter IV, the swell pressure meas-
ured at the end of two hours of confined submergence was con-
sidered to be the swell index. These values obtained for 
the above test combinations are shown in figures 29 through 
36. 
Study of figure 32 shows that as the initial moisture 
content of the Permian clay decreases, the swelling pressure 
increases. For a decrease to 10% initial moisture content, 
from an optimum of 18 percent for Permian Red clay, there is 
developed a swell pressure that is three times greater then 
at optimum. Figure 29 shows the swell pressures developed 
when 10% and 30% gypsum are combined with the Permian clay. 
44 
This shows a decisive decrease in swelling when 10% gypsum 
is used and a further reduction when 30% gyp~um is used. 
Comparison of figure 29 with figure 30 shows that the use of 
sand in the place of gypsum also decreases the swell pressure 
to almost the same values. This indicates that the reaction 
between the gypsum and Permian clay must be of a physical 
nature because of the almost identical results obtained from 
the use of sand which is a non-reactive substance. The use 
of gypsum arrl sand (up to 30%) both cause decrease in swell 
pressures from those caused by Permian clay alone for short 
periods of time. 
Due to the relatively high percentages of montmorillonite 
and illite in the Permian Red clay the t endency of the clay 
to expand (because of the characteristic '.. of expanding. lat-
tices) while in the presence of available water is consid-
erable, This expansion of Permian Red clay (shown in figure 
32) tak~s place at all initial moisture contents and is much 
greater at the low initial than at high initial moisture 
contents. Further expansion is caused by the double layer 
water deficiency which causes water to flow into the soil. 
This water flow continues until the repulsive pressures 
between the particles become equal to the applied effective 
stress. 
To determine the swelling potentials after long periods 
of curing upon the reaction of gypsum-clay, a series of 
tests was performed on some gypsum-clay mixtures that had 
been cured for 18 months at initial moisture contents near 
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the liquid limit. Figure 31 shows that for these gypsum 
contents of 18.4% and 46.5%, there was hardly a noticeable 
difference in the swelling pressures. Therefore it may be 
concluded that a chemical reaction between gypsum and Permian 
Red clay does not seem to exist. 
In figure 32, is shown the results of adding 2% and 5% 
sodium hydroxide to Permian clay without gypsum. The sodium 
hydroxide causes a small reduction in swelling potential but 
probably not enough to be of much use in practice. 
Figures 33 and 34 show the effects of adding different 
percentages of sodium hydroxide to clay mixtures with gypsum 
contents of 10 and 30 percent. These figures show that there 
is an increase in swell pressures as the percentage of sodium 
hydroxide is increased, and also as the percentage of gypsum 
is increased. This increase with gypsum content is the re-
verse of figure 29, where increased gypsum content led to a 
decrease in the swell pressure. Up to 3% sodium hydroxide, 
the swell pressures developed are below those produced by 
clay but above those when gypsum was added to the clay. The 
use of 5% sodium hydroxide produces pressures considerably 
greater than any other combination of materials. This would 
probably be very detrimental if used in practice . The re-
action of sodium hydroxide with the gypsum must therefore be 
a chemical one that causes a volume change. Therefore in-
creased amo~nts of sodium hydroxide and gypsum would tend to 
cause increasing volume changes which would affect the swell-
ing pressures developed. 
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Use of 2% and 5% calcium hydroxide in place of sodium 
hydroxide is shown in figures 35 and 36. The use of calcium 
hydroxide for all combinations produced swell pressures that 
were less then the swell presures developed when clay was 
present without additives (figure 32). For both percentages 
of calcium hydroxide a very noticeable reduction in swell 
pressures occured for initial moisture contents above 10 
percent as compared to the swell of clay alone. Further 
reduction was caused by the addition of gypsum, and more 
reduction as the gypsum content was increased. A definite 
reduction took place for initial moisture contents above 
10 percent as the percentage of calcium hydroxide was in-
creased. For moisture contents below 10 percent, the re-
duction due to increasing the amounts of calcium hydroxide 
was slight if any. Below 10 percent the large reduction in 
swell pressure seemed to be due to the presence of gypsum 
only. 
The effect of increasing the percentages of calcium 
hydroxide and gypsum (which results in swell pressure re-
ductions as contrasted to the opposite effetts caused from 
the use of sodium hydroxide and gypsum) indicates that a 
chemical reaction does not occur (during this short test 
time) between the calcium hydroxide and gypsum. However, 
it is known that calcium hydroxide will react with the clay, 
even though considerable time may be required for completion 
of the reaction. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
Conclusions 
This investigation.was conducted for the purpose-of 
determining if sodium hydroxide used as a trace chemical 
additive with Permian Red clay ... gypsum soils would be an 
effective soil stabilizer9 The investigation was bc;1sed 
upon the use of the unconfined compression strength test 
and the potential volume·change (PVC) test. From the _in-
vestigation dicussed in the preceeding pages the following 
specific conclusions can .be made: 
(1) That sodium hydroxide (up to a content of 5 
percent) increased the unconfined strength of 
the Permian Red clay (with up to 30-percent 
gypsum) increasing with increased curing periods. 
(2) An optimum gypsum content of approxi~ately 15 
percent is found to exist for sodium hydroxide 
contents up to -3 percent, with the strengths 
developed dependent upon the length of cure. No 
optimum gypsum content was reached for 5 percent 
sodium hydroxide. 
(3) The best strengths were developed for all gypsum-
clay-sodium hydroxide mixes for initial moisture 
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contents of 15 to 19 percertt. 
(4) .A sodium hydroxide content between 2 and 3 percent 
produqes the highest dry densities for these mixes. 
(5) The use of calcium hydroxide prod~ces strengths 
that compare to those obtained us:Lng sodium hydroxide. 
(6) The use of sodium hydroxide with loess-gypsum mixes 
was not very effective in producing strengths more 
than twice those obtained from loess alone, and 
also wa,s not effected by the length of cu,re. 
(7) The use of gypsum.finer than No. 270·size was not 
much better than using gypsum passing ·the No. 100 
sieve. 
($) The use of increasing a.mounts of gypsum or sand 
{u;p to 30 pe:rcent) is quite effective in.reducing 
the swelling of the Permian Red clay. 
(9) The use of sodiu.m hydroxide upon the Permian Red 
.clay was not very effective in reducing ·the swelling 
pressures developed by specimens.compacted immedi-
ately after mixing, 
(10) The use of sodium hydroxide with gypsum allows 
grE;later swell then using gypsum alone but is still 
quite effective in.reducing swelling as compared 
to not using gypsum or sodium·hydroxide at all. 
From the specific conclu,sions listed, a general conclu-
sion about the use of sodium hydroxide as an effective stabi-
·11zer :i;s: 
That the use of 2.to 3 percent of sodiwn hyc!lroxide 
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with a gypsurn ... claymixture of 15% gypsum-·85% Permian 
Red clay compacted at an initial moisture content of 
15 to 19 percent is a very effective stabilizer. This 
combination of materials produces suitable densities, 
very good strength increases and good swell reductions. 
Recommendations for Future Research 
The following listed items are recommendations that may 
be considered for further investigations of the effectiveness 
of sodium hydroxide on gypsum ... clay combinations: 
{ l~j Controlled, field testing should be performed arid 
investigated to determine the correlation with the 
· laboratory investigations. 
(~) Economic studies should be conducted upon the 
practicality of using gypsum and sodium hydroxide 
as clay soil stabilizers. 
(3) Further refinements of the PVC test should be 
investigated to he able to reproduce more consist-
~nt test results. 
(4) Oorrosion effects of using the different chemicals 
upon the laboratory and field equipment. 
(5) Storage and handling problems associated with 
the use of chemicals in soil stabilization should 
be investigated. 
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Figure: ·1s 
Effect of Moisture Content on the Strength PRC -
Gypsum (10%) - NaOH (2%) 
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Figure 19 
Effect of Moisture Content on the Strength PRC -
Gypsum (20%) - NaOH (2<:ib) 
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Figure 20 
Effect of Moisture Content on the Strength PRC -
Gypsum (30%) - NaOH (2 %) 
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· Figure 21 
Effect of Moisture Content on '~he Stre,ngth PRC -
Gypsum (20~) - NaOH (5%} 
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Figure 22 
Effect of Sodium Hydroxide oh the Dry Densities 
of Mixtures of Permian Clay and Gypsum 
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4 5 
Effect of Lime or+ Strength Permian Clay -
Gypsum (20%) - Lime 
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Figure.· 24 
Effect of Various Admixtures on the Unconfined 
Compressive Strength of Permian Clay 
Optimum Series - Cured for 90 Days 
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Figure 25 
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Effect of Various Admixtures on the Unconfined 
Compressive Strength of Permian Clay 
Optimum Series - Cured for 28 Days 
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Figure 26 
20. 
Effect of Various Admixtures on the Unconfined 
Compressive Strength of Permian Clay 
Optimum Series - Cured for 7 Days 
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Effect of Curing Time on the Strength of Various Loess Combinations 
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FIGURE 28 
Effect of Fine Gypsum on the 
Unconfined Strength of Permian Clay 
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15 
Swelling Pressure of Mixtures of Permian Clay and Gypsum 
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Figure 31 
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Swelling Pressure of Mixtures of Permian Clay and Gypsum After 18 Month Curing 
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Figure 32 
15 
Effect of Sodium Hydroxide ort the Swelling 
Pr.essure of Permian Clay 
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Figure 33 
Swelling Pressure of Mixtures of Permian Clay and 1016_ 
Gypsum with Sodium Hydroxide 
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Figure 34 · 
Swelling Pressure of Mixtures of Permian Clay and 30% 
Gypsum with Sodium Hydroxide 
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Figure .35 · 
15 
Swelling Pressure of Mixtures of Permian Clay and Gypsum 
with 2% Calcium Hydroxide 
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15 
Swelling Pressure of Mixtures of Permian Clay and Gypsum 
with 5% Calcium Hydroxide 
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